Intensive seismicity was often observed in the front of tabular stopes in South African gold mines. 
Introduction
Many scientific studies have been conducted in South African gold mines to understand seismicity in front of tabular stopes (i.e. McGarr 1971; McGarr et al. 1975 McGarr et al. , 1979 . Many small seismic events and tremors were caused by high stress concentrations due to excavation (McGarr 1971; McGarr et al. 1975) . Dense seismic networks were installed in the inferred seismogenic areas in advance of the stope excavation to observe seismic events (Yamada et al. 2005 (Yamada et al. , 2007 . It has been concluded that most large seismic events in the gold mines were the results of shear failure of rock, which was similar to natural earthquakes in terms of mechanism and source parameters (i.e. McGarr et al. 1979; McGarr 1994; Richardson & Jordan 2002) .
Mponeng mine is a gold mine in South Africa's North West Province, and it is one of the deepest underground gold mines in the world. Several studies have been conducted at this mine to address mine seismicity and rockburst problems (Yamada et al. 2005 (Yamada et al. , 2007 Kwiatek et al. 2011) . Figure 1 shows the mining layout at a depth of 2,650 m and a research area, denoted by different colours. Nine triaxial borehole accelerometers (green triangles) were installed within a range of 200 m along a haulage tunnel (Ogasawara & The Research Group for Semi-controlled Earthquake-generation Experiments in South African Deep Gold Mines 2002; Yamada et al. 2005) . Five mining-induced seismic events (red circles) were observed during the mining period from February to October 1996.
In this paper, seismic event #1 (occurred on 9 July 1996) with a moment magnitude of Mw = 1.4 was selected to conduct a case study. This seismic event was considered a fault rupture event. Yamada et al. (2005) estimated from their study that the rupture speed was about 2,500 m/s (which represents 65% of the shear wave velocity of the rock). After a series of inverse analyses, they found that the dynamic rupture process of the event and other nearby events were similar to that of large natural earthquakes. (Figure 1(b) ), which included seismic event #1 (Figure 1(c) ), was chosen to conduct this case study. More details about this seismic event are discussed in Section 3. Figure 2 illustrates the configuration of the study area, which consists of the gold reef, the host rock, open stopes, and the haulage tunnel. The rock types above and below the reef were basalt and quartzite, respectively. The gold reef thickness was 0.2 to 0.3 m, dipping 20° towards the southeast. The open stopes (height 1 m) were about 50 m above the haulage tunnel, which had a width of 5 m. Accelerometers (green triangles) were installed at a depth of 15 m from the collars in sub-horizontal boreholes to avoid the influence of the tunnel on seismograms.
During the mining period from February to October 1996, more than 25,000 seismic events were recorded. The recorded waveform data had very high signal-to-noise ratios and the wave amplitudes were low in the tail portion of the recorded waveforms at all the receivers, which suggested that the medium in this study area was relatively homogeneous (Yamada et al. 2007 ). In addition, Ogasawara and The Research Group for Semi-controlled Earthquake-generation Experiments in South African Deep Gold Mines (2002) investigated the site effect and concluded that there was no large site effect because there were no faults, dykes, and other major geological structures in and around this observation area. The field data collected in this study area was used for this case study. 2 Model set-up SPECFEM2D and SPECFEM3D are powerful software for seismic wave propagation modelling at local, regional, and global scales, and it is particularly well-suited for handing complex geometries and interfaces (Komatitsch & Tromp 1999; Komatitsch et al. 2000; Computational Infrastructure for Geodynamics 2012 , 2014 . Studies on using SPECFEM2D for wave propagation simulation in underground mines have been presented by Wang and Cai (2014 , 2016 , Cai and Wang (2015) . However, for many mining applications, modelling using SPECFEM3D is needed. SPECFEM3D does not have a good pre-processor to create high-quality hexahedral meshes. For successful application of SPECFEM3D to wave simulation, an external mesh generation tool was used to generate high-quality hexahedral meshes for complex geometries. Normally, a complex model (especially the mined-out stope and the gold reef area) is decomposed into many meshable sub-volumes.
Based on the geometry provided in Figures 1 and 2 , a 3D model was constructed and the mesh is shown in Figure 3 . The model size was 200 × 200 × 150 m, and the volume was divided into 311 sub-volumes that could be properly meshed. The model was meshed with an average element size of 2 m along the haulage tunnel, 0.5 m for the orebody (the thickness of gold reef was simplified to 0.5 m), and 3 m for other rocks. The mesh was refined near the tunnel ( Figure 3) . As a result, this model contained 524,938 spectral elements and 544,483 nodes. The entire mesh was partitioned into 12 sub-domains for parallel computation using 12 CPUs and two GPUs. 
Seismic source representation
In general, a moment tensor point source model is used to represent far field fault slip seismic event. In this case study, however, a point source representation to represent a seismic event that is too close to the receivers may not be appropriate and a non-point source model is required for near field seismic sources. In this case, the seismogenic area was only 50 m above the tunnel and the receivers. Near field seismic source representation therefore holds the key to obtaining a good understanding of the near field source seismic response. Kinematic (dislocation model) and dynamic (crack model) fault source models are two non-point source models. Both the moment tensor and the finite kinematic source models are investigated to provide a preliminary insight of the influence of the seismic source model on seismic response.
The overburden stress was about 70 MPa in this study area and stress concentration due to stope excavation usually causes seismic events in the mining front of the stopes, as shown in Figure 2 . As stated, those seismic events were the result of shear failure of rock (McGarr 1971) and were similar to natural earthquakes in terms of source mechanism and parameters McGarr 1994) . Considering the quality of the recorded waveforms and the derived normal fault slip mechanism from Yamada et al. (2005) , seismic event #1 (Figure 1 (c) ) was selected for this case study.
The event occurred on 9 July 1996 and had a moment magnitude of M w = 1.4. Its hypocentre was derived at east = 62.7 m, north = 39.0 m, and depth = -2,605.6 m, which corresponds to x = 62.7 m, y = 39.0 m, and z = 75.6 m in the numerical model. Based on the inverse analysis from Yamada et al. (2005) , information on the fault and the auxiliary planes corresponding to this event were determined as 59.8°/75.1°/-91.3° and 245°/15°/-85° for the strike/dip/rake, respectively. The derived parameters indicate that this event was a normal fault seismic event, which corresponded well with the vertical stress concentration near the stope mining front. Based on these data, source parameters for the moment tensor point source model and the finite kinematic source model can be determined to represent this seismic event.
In kinematic source modelling, a fault plane can be divided to a series of sub-faults and each sub-fault is considered as a point source (Doornbos 1982; Boore 2003; Miyake et al. 2003) . According to the type of rupture model (i.e. unilateral or bilateral rupture) and the rupture velocity (i.e. sub-shear or super-shear), the space-time distribution of each sub-fault slip can be estimated. Source parameters, such as nucleation point position, rupture area, rupture velocity, rise time, and time function need to be determined. The length and width of the rupture area and the number and size of the sub-faults can be estimated from the intensity of the seismic event according to some empirical relations given in literatures (i.e. Wells & Coppersmith 1994; Haddon 1996; Mai & Beroza 2000; Beresnev & Atkinson 2002; Dowrick & Rhoades 2004) .
In this study, the kinematic seismic source parameters were determined through a comparison of the recorded and the synthetic seismograms using the trial-and-error method. After conducting a large number of iterative simulations, one possible schematic representation of the potential fault plane and the source rupture model was derived, which is shown in Figure 5 . Yamada et al. (2005) in their inverse analysis, which are shown in Figure 5(a) . The point source model is shown in Figure 5 (b) and the kinematic rupture source model is illustrated in Figure 5 (c) and (d). The derived fault area was considered as a square-shaped fault plane (21 × 21 m 2 ) (Yamada et al. (2005) ), which was divided into 7 × 7 = 49 sub-faults. The centre of the fault plane corresponded to the hypocentre of seismic event #1. For each sub-fault, a moment tensor source model was used and the sum of the seismic moments for the 49 sub-faults was constrained by the seismic moment of the event that had a moment magnitude of M w = 1.4 (with a seismic moment M 0 of 1.6 × 10 18 dyne•cm). Based on the results by Yamada et al. (2005) , the rupture velocity was estimated as 2,500 m/s (or 65% shear wave velocity). The time interval between each sub-fault was 0.0012 s in the model, estimated based on the rupture velocity of the fault. Modelling results and discussion
Source radiation evolution
The focus of this study is to understand the influence of different source models on the seismic response in the near field. Source radiation evolutions of different source models are firstly examined by visual inspection of the vertical velocity component contours in the area near the seismic source. As can be seen from Figure 6 , contours of the vertical velocity component (V z ) are used to visualise seismic wave evolution at different times. Figure 6 (a) and (d) show the wave radiation patterns for the moment tensor point source model and the kinematic rupture source model, respectively. It is seen that the wave radiation patterns are different for the two source models. The kinematic rupture source model seems to represent the characteristics of fault plane slip better than the point source model when the near field wave patterns are considered.
Figure(b) and (c) present the V z contours in the fault plane. In the point source modelling results, the maximum V z value (about 180 m/s) is observed at t = 0.004 s, which could not be shown in Figure 6 (b) for the given velocity range of -3 to 3 m/s. As the waves propagate, the V z values decrease quickly, which suggests that all seismic energy is released when the point source is triggered. On the other hand, the kinematic characteristic of the fault plane is observed when the kinematic rupture source model is used (Figure 6(c) ). In this case, the maximum V z (about 30 m/s) is obtained at t = 0.008 s when all 49 sub-faults are triggered or activated at t = 0.0072 s, which could not be shown in Figure 6 (c) for the given velocity range (-3 to 3 m/s). The maximum V z of the kinematic rupture source model is smaller. This makes sense because the activation of a fault slip cannot cease instantly and there is a process of fault rupture propagation. Hence, the kinematic source rupture model is preferred for near field source representation compared with the point source model. This will be further discussed using seismograms in Section 4.3. 
Influence of haulage tunnel and mined-out area on wavefield
The geological settings are relatively simple in this model, which provides a good case for studying the influence of the haulage tunnel and the mined-out areas on wave propagation. Isosurfaces of the vertical velocity component are used to examine the wavefield. Figure 7 presents the V z isosurfaces at five propagation times for the point and the non-point (kinematic rupture) source models. Different V z values are selected to generate the isosurfaces to compare the results from the two source models. At early stages of wave propagation (t = 0.06 s and t = 0.01 s), small but detectable differences in the wavefields are observed. The kinematic rupture source model can represent the fault area better in the near field source representation. At later stages of wave propagation, the wavefields have similar patterns for the two source models. Again, the wavefield difference in the early stage of wave propagation around the source area could be expected because different seismic source models are used.
In addition, the influence of the haulage tunnel and the mined-out areas on the wavefields can be seen from the results of both source models, as indicated by the red dash line circled areas in Figure 7 at t = 0.03 s and t = 0.04 s. Complex wavefields are observed around the areas of the haulage tunnel and the mined-out stope. The complex wavefields can only be captured when detailed geometries of the tunnel and stopes are properly considered in numerical modelling.
A homogenous model (i.e., rock mass is assumed uniform in the whole model and it uses the property of quartzite) was considered to further examine the influence of the haulage tunnel and mined-out areas on seismic wave propagation. V z contours of the kinematic rupture source model at t = 0.04 s for the homogenous model and the heterogeneous model (which includes different rock domains, haulage tunnel, and mined-out areas) are dissected into different V z values and are shown in Figure 8 .
It is seen that large wave velocities are generated around the haulage tunnel and the mined-out area in the heterogeneous model when compared with the results of the homogeneous model (Figure 8(a) ), indicating that mine structures can alter ground motions. The maximum vertical velocity is 0.035 m/s in the homogenous model; however, in the heterogeneous model, the maximum vertical velocity is V z = 0.1 m/s and it appears on the top of the haulage tunnel and the mined-out area in the southeast side of the gold reef (Figure 8(b) ). Only a certain part of the haulage tunnel is subjected to this strong ground motion (blue area in Figure 8(b) ). Although there are many other factors that cause rockburst damage , the pattern of elevation ground motions suggests that these areas may be more prone to failure if all other factors are equal. Furthermore, relatively large V z values (0.025 to 0.05 m/s) are observed around the top of tunnel and the mined-out areas Figure 8(b) . Moreover, the wavefield is affected by the gold reef and the two rock domains (basalt and quartzite). For example, the influence of different rock types on the velocity field can be clearly seen when smaller velocity range values (-0.01 and 0.01 m/s) are selected to plot the results.
As shown in the bottom plots of Figure 8 (a) and (b), a simple velocity field is observed in the homogeneous model while a complex and elevated velocity field can be seen in the heterogeneous model. Tunnels and mined-out areas as well as geology can influence the wavefield and an accurate investigation of the problem requires 3D wave propagation modelling such as the case study presented in this paper. 
4.3
Comparison between the recorded waveforms and the synthetic seismograms Figure 9 presents the field recorded and the synthetic seismograms, which are denoted by the black and red lines, respectively, at six stations of the horizontal velocity component in the x direction (V x ). Velocity components of V y and V z are not available from the literature and will not be compared here. For receivers 1, 2, and 9, field data is also not available. Some receivers such as St.3, St.4, and St.5 are located very close to the seismic source, with a distance around 40 to 50 m from the receivers to the lower edge of the kinematic source. The modelling results reproduce only some portions of the seismograms. Many high-frequency components are observed in the recorded seismograms but are not captured in the numerical modelling results. Despite this, the maximum amplitude (except St.3) and the initial portion of the seismograms are captured properly.
For receivers St.6, St.7, and St.8 located in the far field (with a source centre-receiver distance from 105 to 130 m), the simulated seismograms agree well with the recorded seismograms (Figure 9 ), especially in the second portion of the seismograms. Some high-frequency components are visible in the simulated seismograms, but to a smaller extent compared with the field data. The amplitudes of the simulated seismograms in the first portion of the seismograms are slightly higher than the amplitudes in the recorded seismograms. This may be caused by seismic wave attenuation, which was not considered in the modelling due to computation time constraints. High-frequency wave components can be attenuated quickly as waves propagate at distances far away from the source area and a relatively stable wave frequency (e.g. corner frequency) may dominate in the far field seismograms. It is suggested to check the influence of attenuation on the result in future studies. Despite this limitation, the synthetic seismograms are comparable to the field waveforms. The modelling result indicates that high-frequency wave components could influence ground motion.
A comparison between the recorded and the synthetic V x seismograms from the point and non-point source models at two stations (St.4 and St.7) are shown in Figure 10 . Black, red and blue lines stand for the recorded seismograms and the synthetic seismograms from the point and the non-point source models, respectively. The seismograms from the point source model do not match well with the recorded waveforms for both St.4 and St.7. However, the synthetic seismograms from the non-point source model agree with the recorded waveforms well, especially for the first portion of St.4 and the second portion of St.7. This further suggests that the non-point source model could be a better source representation than the point source model when the near-source wavefield is of interest.
It can be seen from Figure 10 that there are some discrepancies between the simulated and the recorded waveforms in some portions of the seismograms. For instance, although negligible, there is a shift of the first arrival P-wave at St. 4; there is also a misfit in the seismogram for the propagation time between 0.025 and 0.05 s. The misfit is relatively large in the first part of the seismogram at St.7, although the simulated waveform resembles the recorded one well (from t = 0.02 to 0.035 s). This is not surprising because we are dealing with very complex geological, geometrical, and geotechnical conditions in a deep underground mine. In addition, the seismic response in the near field is less understood. Even though the recorded seismograms cannot be reproduced exactly, the agreement between the results from the non-point source model and the field data suggests that the adopted non-point source model captures the major wavefield response. Hence, non-point source models should be considered in numerical modelling when studying near field wave propagation in underground mines. Underground Mining Technology 2017, Sudbury, Canada 
Conclusion
A case study of seismic wave propagation in a South African gold mine was conducted to demonstrate the applicability of SPECFEM3D for ground motion modelling in underground mines. Two source models, i.e. point moment tensor and kinematic rupture source models, were considered for near field seismic source representation. Through numerical tests using the trial-and-error method, the parameters for the non-point source model were determined and the obtained synthetic seismograms agree with the field observation data. The modelling results capture the influence of geology and excavation on ground motion. It is seen that the non-point source model could be a better representation of the fault slip seismic source than the point source model when near field seismic response is of interest. Another benefit from this case study is that techniques such as high-quality mesh generation, parallel computing using CPUs and GPUs, and post-processing have been acquired for wave propagation modelling using SPECFEM3D, which increases the confidence of using SPECFEM3D for realistic ground motion and wave propagation modelling in underground mines.
In many cases, rockbursts in tunnels are triggered by seismic events occurring not far away from the damage locations. Near field wavefield analysis should be conducted in such cases to obtain ground motion for dynamic stress increase assessment. Ground motion in the near field is complex and not well understood. As noted by Potvin and Wesseloo (2013) , due to a lack of reliable near field data, traditional approaches to define ground motion in the near field may be inadequate and more or less oversimplified. It should be noted that the kinematic rupture source representation used in this study should be viewed as a high-level preliminary approximation. It describes only the kinematic features of a fault slip event and it does not consider the dynamic features of fault slip, such as constraint of in situ stress, stress drop, and fracturing mechanism. More studies are needed in this aspect, using more refined models that are quantitatively constrained by in situ stress and other properties from geophysical observations.
